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Background: Experiments were designed to evaluate the effect of warm blood 
cardioplegia on endothelium-dependent co traction of the coronary endo- 
thelium after cardiac global ischemia nd reperfusion. Method: Dogs (n = 
12 in each group) were exposed to extracorporeal circulation with the body 
temperature at37 ° C (group 1) or 28 ° C (groups 2 and 3). The ascending 
aorta was crossclamped for 120 minutes while continuous infusion of warm 
blood cardioplegec solution (group 1) or intermittent infusion of cold (4 ° C) 
crystalloid cardioplegic solution (group 2) was performed via the coronary 
arteries through the aortic root. Cardioplegic solution was not used in 
group 3 animals. The heart was then allowed to function for 60 minutes of 
reperfusion. Reperfused (groups 1, 2, and 3) and control (group 4) coronary 
arteries were then harvested for study. Results: Perfusate hypoxia caused 
endothelium-dependent co traction i  the arteries of all four groups that 
could be attenuated by NG-monomethyl-L-arginine (L-NMMA) or L-NMMA 
plus D-arginine, but not by L-NMMA plus L-arginine or endothelin receptor 
A and B antagonist PD 145065. The endothelium-dependent contraction 
results in groups 2 and 3 (75% ± 4% and 80% - 5%, respectively) were 
significantly greater than those in groups 1 and 4 (15% ± 3% and 18% ± 
5%, respectively); Scanning electron microscope studies howed that plate- 
let adhesion and aggregation, areas of microthrombi, disruption of endo- 
thelial cells, and separation of the intercellular junction could be found in 
coronary segments from groups 2 and 3, but not in vessels from groups 1 
and 4. Conclusion: These experiments suggest hat global ischemia and 
reperfusion enhances hypoxia-mediated ndothelium-dependent contrac- 
tion of the coronary endothelium and damages the ultrastructure. These 
kinds of changes can be prevented by continuous antegrade infusion of 
warm blood cardioplegic solution during global ischemia. (J Thorac 
Cardiovasc Surg 1997;114:100-8) 
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W arm blood cardioplegia has become popular- ized for myocardial protection in recent 
years. 1-3 The potential advantages of continuous 
infusion of warm blood cardioplegic solution are 
appealing. The heart is aerobic, perfused, and rested 
while the cardioplegie solution is being infused. 
Warm blood cardioplegia can, therefore, be consid- 
ered a tool of myocardial resuscitation. 3 
The coronary endothelium regulates vasomotor 
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tone and local tissue perfusion by producing endo- 
thelium-derived relaxing factors and endothelium- 
derived contracting factors that act on the underly- 
ing vascular smooth muscle. 4' s When exposed to 
hypoxia, when regenerated after mechanical injury, 
and after ischemia and reperfusion, the coronary 
endothel ium exhibits augmented contraction. 6-12 
Augmented endothel ium-dependent contraction af- 
ter coronary ischemia and reperfusion appears to be 
an important factor in coronary vasospasm after 
ischemia and reperfusion of  coronary arteries. 
Several recent laboratory experiments have sug- 
gested that hyperkalemic rystalloid cardioplegic 
solutions per se augment endothelial cell production 
of endothelium-derived contracting factor. 13-15 
However, the effect of cardioplegia on coronary 
endothel ium-dependent contraction after coronary 
ischemia and reperfusion has not been investigated 
clearly. The present study was designed to evaluate 
the effect of continuous warm blood cardioplegia on 
coronary endothel ium-dependent contraction after 
global ischemia and reperfusion. 
Material and methods 
Animal preparation. Healthy mongrel dogs (25 to 30 
kg) of either sex were anesthetized with sodium pentobar- 
bital (30 mg/kg intravenous injection) and intubated with 
a cuffed endotracheal tube, and the lungs were ventilated 
with a respirator. The rectal temperature and arterial 
blood pressure were monitored. Next, a medial sternot- 
omy was performed. Animals were heparinized (250 
U/kg), and cardiopulmonary b pass (CPB) was instituted 
with cannulation of the ascending aorta and right atrium. 
The electrocardiogram was continuously monitored via 
limb leads. Deferoxamine (20 mg/kg) and methylpred- 
nisolone (20 mg/kg) were infused intravenously 30 min- 
utes before the establishment of CPB. The dog was then 
placed on total CPB with a bubble oxygenator (C.R. Bard, 
Inc., Tewksbury, Mass.) at a flow rate of 50 ml/kg per 
minute. The myocardial temperature was continuously 
monitored via epicardial thermistor probes (Shiley, Inc., 
Irvine, Calif.). After the dog's condition stabilized the 
ascending aorta was crossclamped. A double-lumen aortic 
root cannula (DPL, Inc., Grand Rapids, Mich.) was 
inserted for delivery of cardioplegic solution and simulta- 
neous measurement of infusion pressure. All infusions of 
cardioplegic solution were administered at 50 mm Hg 
pressure. 
Animals were randomized into four groups with 12 dogs 
in each group. In dogs in group 1, the heart was protected 
by continuous warm blood cardioplegic (37 ° C) solution 
infused into the aortic root (antegrade infusion) with a 
rectal temperature of 37 ° C. Blood cardioplegic solution 
(Table I) was delivered as a mixture of four parts oxygen- 
ated blood to one part crystalloid solution with use of a 
Sarns MP4 cardioplegic solution delivery system (Sarns 
3M Health Care Group, Ann Arbor, Mich.). Initial induc- 
Table I. Composition of blood cardioplegic 
solution* 
Induction Maintenance 
solution solution 
NaHCO 3 (mEq) 51 51 
Glucose (gm) 25 25 
KCI (mEq) 100 40 
Regular insulin (units) 10 10 
Lactated Ringer's olution (ml) 1000 1000 
*Final concentration f potassium ion in the induction solution was 20 
mEq/L and in the maintenance solution was 8 mEq/L. 
tion of cardiac arrest was accomplished with an induction 
solution with a potassium ion concentration f 20 mmol/L 
followed by continuous infusion of maintenance solution 
with a potassium ion concentration of 8 mmol/L. After 
120 minutes of aortic crossclamping, the infusion of blood 
cardioplegic solution was stopped and the crossclamp was 
removed. 
In animals in group 2, cold (4 ° C) crystalloid cardiople- 
gic solution (10 ml/kg) was infused into the aortic root 
with systemic hypothermia (28 ° C). The solution (Plegisol, 
Abbott Laboratories, North Chicago, Ill.) had the follow- 
ing electrolyte composition (in milliequivalents per liter): 
calcium, 2.4; magnesium, 32; potassium, 16; sodium 120; 
and chloride 160. The cardioplegic solution was reinfused 
(4 ml/kg) at 20-minute intervals during global ischemia. 
No topical cooling was used. After 120 minutes of aortic 
crossclamping, systemic rewarming to 37 ° C was achieved 
and the crossclamp was removed. 
In group 3, the rectal temperature was kept at about 
28 ° C. The cardioplegic solution was not used. After 120 
minutes of aortic crossclamping, systemic rewarming to 
37 ° C was achieved and the crossclamp was removed. 
After declamping, the animals were weaned from CPB 
with a mean arterial pressure of 80 mm Hg. When 
ventricular fibrillation occurred, direct-current counter- 
shocks of 10 W were applied. Cardiotonic drugs and 
vasodilators were not used. The heart was maintained in 
the beating and working state for a total of 60 minutes. 
The heart was then excised. 
An additional 12 dogs served as the control group 
(group 4). These dogs underwent induction of anesthesia, 
intubation, and median sternotomy, after which the heart 
was excised rapidly. 
All animals received humane care in compliance with 
the "Guide for the Care and Use of Laboratory Animals" 
published by the National Institutes of Health (NIH 
publication No. 85-23, revised 1985). The entire protocol 
was approved by the research committee of Chang Gung 
Memorial Hospital, which regulates all experiments in- 
volving animals. 
Organ chamber studies. The processes of organ cham- 
ber studies have been reported previously. 6-s' 1z-is The 
heart was quickly removed and immersed in cold oxygen- 
ated physiologic salt solution. The left anterior descending 
artery or left circumflex coronary artery, or both, were 
carefully dissected free and prepared as rings (4 mm in 
length). 
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Fig. 1. Isometric tension recordings on endothelium-de- 
pendent responses to hypoxia in reperfused (groups 1, 2, 
and 3) and control (group 4) coronary arterial rings with 
and without endothelium (n = 12). The coronary rings 
were suspended in an organ chamber gassed with 95% 
02/5% CO 2 (Po 2 400 2 10 mm Hg) and contracted with 
prostaglandin F2~ (PGF 2 alpha, 2 × 10 .6 mol/L). When the 
contractile response to prostaglandin F2~ was stable, 
hypoxia was induced by changing to a 95% N2/5% CO 2 
(Po 2 35 _+ 7 mm Hg) gas mix. After 20 minutes, oxygen- 
ation was reintroduced. 
In some rings, the endothelium was removed by gentle 
rubbing of the intimal surface with the tip of a pair of 
watchmaker's forceps. The rings were suspended in organ 
chambers (25 ml) filled with control solution (37 ° C; 
aerated with 95% 02 and 5% CO2; pH = 7.4) and 
connected to a strain gauge (Statham Gould UC2) for the 
measurement of isometric force. Rings were placed at the 
optimal point of their length-tension relationship by pro- 
gressively stretching them at each level of distension until 
the contraction to KC1 (20 mmol/L) was maximal. 
Scanning electron microscope studies. Hearts from 
eight dogs (2 dogs in each groups) were used for scanning 
electron microscope studies. The procedures have been 
reported previously by our group. 18 After ischemia and 
reperfusion, the coronary endothelium was fixed in situ at 
physiologic pressure with buffered physiologic solution for 
5 minutes. This solution had the following composition 
(in millimoles per liter): KC1, 2.7; NaC1, 137.9; 
Na2HPO4.7H20, 8.1; and KH2PO4, 1.1. Glutaraldehyde 
(1%) in buffered physiologic solution was then infused for 
10 minutes. Segments (2 cm in length) of left anterior 
descending or left circumflex coronary artery, or both, 
were carefully harvested, kept in this iced perfusion- 
fixation solution, and sent for scanning electron micro- 
scopic processing. 
Scanning electron microscope procedure. The tissue 
processing of electron microscopic observation has been 
reported previously. 18 In brief, the specimens were fixed 
with iced 3% glutaraldehyde in 0.1 mol/L cacodylate 
buffer (pH 7.2 to 7.4) for 2 hours. Subsequently the 
specimens were rinsed with cold perfusion-fixation solu- 
tion several times and post-fixed with 1% phosphate 
buffer osmium tetroxide (pH 7.2 to 7.4) for an additional 
2 hours. For electroconduction a d stabilization of the 
surface structure, the tissues were immersed in 1% tannic 
acid in distilled water for 30 minutes at 4°C and then 
transferred into 1% osmium tetroxide in distilled water 
for 30 minutes at 4 ° C, followed by a rinse with distilled 
water. The tissues were then dehydrated in graded con- 
centrations of chilled ethanol. For scanning electron mi- 
croscopy the tissue was subjected to critical-point drying. 
After drying, samples were mounted on specimen stubs 
and coated with platinum and palladium alloy to a 4 nm 
thickness. The specimens were examined with a Hitachi 
S-5000 scanning electron microscope operated at 3 kV. 
Drugs. The drugs acetylcholine chloride, potassium 
chloride, adenosine diphosphate, calcium ionophore 
A23187, (+)-isoproterenol hydrochloride, indomethacin, 
sodium fluoride, prostaglandin F2=, and sodium nitroprus- 
side were obtained from Sigma Chemical Co. (St. Louis, 
Mo.) N~-monomethyk-arginine (IpNMMA), L-arginine, 
and I>arginine were obtained from Calbiochem, La Jolla, 
Calif. Aluminum chloride was obtained from Aldrich 
Chemical (Milwaukee, Wis.). PD 145065 (Cs2H67NTO1o) 
was obtained from Alexis Corp. (San Diego, Calif.). 
Indomethacin was dissolved in Na2CO 3 (10 .5 mol/L). The 
calcium ionophore A23187 and PD 145065 were dissolved 
in dimethyl sulfoxide (Sigma) and diluted further in 
distilled water. The concentrations are expressed as final 
molar concentrations in the organ chambers. 
Data analysis. The data are expressed as means plus or 
minus the standard error of the mean. In all experiments, 
n refers to the number of animals from which blood 
vessels were taken. The responses gained from segments 
contracted with prostaglandin F2~ were expressed as 
percent changes from the contracted levels. With regard 
to relaxations, the negative logarithm of the effective 
concentration (in millimolars per liter) of agonist that 
caused 50% inhibition of the contraction to prostaglandin 
F2~ was calculated for concentration-response curves. For 
contractions, the maximal response (in grams of tension) 
and concentration of agonist inducing the half-maximal 
contraction were determined. The means of these values 
are presented. Statistical evaluation of data between 
groups was performed by analysis of variance. 
Protocol of organ chamber studies. Segments of coro- 
nary artery with and without endothelium from the same 
animal were placed in our eight-bath organ chamber 
system, studied, and compared. The following procedures 
were performed. 
Studies of endothelium-dependent co raction to hypoxia. 
The vascular segments with or without endothelium were 
contracted with prostaglandin F2~ (2 × 10 .6 mol/L) 
(initial tension) in an organ chamber gassed with 95% 
02/5% CO2 (oxygen tension [Po2] 400 -+ 10 mm Hg). 
When the contractile response to prostaglandin F2~ sta- 
blized, hypoxia was induced by aerating the organ bath 
with a mixture of 95% N2 and 5% CO2 for 20 minutes 
(pH = 7.4, Po 2 = 35 - 7 mm Hg). 7'12-15'18 After 20 
minutes, oxygenation was reintroduced. Vascular seg- 
ments were only exposed to one hypoxic period. 
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Table II. Endothelium-independent vascular smooth muscle contractions of segments of canine 
coronary arteries* 
Group 1 Group 2 Group 3 Group 4 
ECsot 
Potassium 
With endothelium 10.2 + 0.2 10.1 -- 0.3 9.9 -+ 0.2 9.8 -+ 0.3 
Without endothelium 9.4 -+ 0.2 9.5 -- 0.2 9.3 -+ 0.2 9.2 + 0.3 
Prostaglandin F2= 
With endothelium 5.5 -+ 0.2 5.4 -- 0.2 5.3 _+ 0.3 5.4 +_ 0.2 
Without endothelium 6.2 + 0.3 6.1 - 0.2 5.9 -2-_ 0.3 6.0 -+ 0.2 
Maximal contraction (gm)$ 
Potassium 
With endothelium 10.9 _+ 0.5 11.1 _+ 0.6 10.9 -+ 0.9 10.9 -+ 0.8 
Without endothelium 11.5 _+ 1.1 10.8 _+ 1.0 11.4 _+ 0.7 11.3 _+ 1.0 
Prostaglandin F2~ 
With endothelium 10.1 + 0.8 10.5 - 1.0 10.4 -+ 0.7 10.3 _+ 0.5 
Without endothelium 11.9 + 0.9 10.8 + 1.1 11.3 + 1.0 11.2 + 0.9 
Values are given as means -+ standard error of the mean. Sample size for all groups was 12. 
*There were no significant differences between groups. 
tConcentration f agonist inducing the half-maximal contraction (ECso) expressed as millimoles per liter for potassium-induced contractions and as negative 
logarithm in moles per liter for prostaglandin F2=-induced contractions. 
~Values given as means -+ standard error of the mean of the maximal contraction i duced by agonists. 
Studies of endothelium-independent relaxation. To test 
the ability of the smooth muscle to relax, concentration- 
response curves to sodium nitroprusside (mediated by 
9 4 cyclic guanosine monophosphate, 10- to 10- tool/L) and 
isoproterenol (mediated by cyclic adenosine monophos- 
9 4 phate, 10- to 10- mol/L) were obtained after the seg- 
ments were contracted with prostaglandin F2= (2 × 10 -6 
mol/L). 
Studies of endothelium-independent contraction. To test 
the ability of the smooth muscle to contract, concentra- 
tion-response curves to potassium ions (5 to 50 mmol/L, 
voltage dependent) and prostaglandin F2~ (10 .9 to 10 .4 
mol/L, receptor dependent) were obtained. 
Results 
Endothelium-dependent contraction to hypoxia. 
Reperfused (groups 1, 2, and 3) and control (group 
4) coronary arterial segments with and without 
endothelium exhibited comparable contractile re- 
sponses to prostaglandin F2~ (2 × 10 .6 mol/L, initial 
tension, about 30% of the maximal tension) (Fig. 1 
and Table II). On exposure to hypoxia, contracted 
reperfused and control coronary segments with en- 
dothelium exhibited comparable relaxations (hy- 
poxic relaxation) (groups 1 through 4, 30% _+ 3%, 
35% _+ 2%, 33% _+ 4%, and 32% +_ 5% of initial 
tension, respectively;p = 0.8101; Fig. 2). In vascular 
segments with endothelium from all four groups, 
hypoxia induced contractions (hypoxic contraction) 
that were significantly greater than contractions in 
segments without endothelium (Fig. 1). However, 
coronary segments with endothelium from groups 2 
and 3 exhibited hypoxic contractions (75% _+ 4% 
and 80% _ 5%, respectively, of the initial tension, 
p = 0.0000) that were significantly greater than 
those of group 1 and group 4 segments with endo- 
thelium (15% + 3% and 18% _+ 5%, respectively) 
(Figs. 1 and 2). This endothelium-dependent hy- 
poxic contraction could be attenuated by pretreat- 
ment with L-NMMA (10 .5 mol/L, a nitric oxide 
synthase inhibitor) in segments from all four groups 
with endothelium (Fig. 3). The effect of I,-NMMA 
could be blocked with L-arginine (precursor of nitric 
oxide,  10 .4  mol/L) but not by D-arginine (analog of 
L-arginine, 10 .4 mol/L) (Fig. 3). L-NMMA, L-argi- 
nine, and D-arginine had no effects on the hypoxic 
responses of reperfused and control segments with- 
out endothelium. L-NMMA also did not change the 
baseline tension (before contraction with prosta- 
glandin F2~ ) of the reperfused and control segments 
with or without endothelium. 
Preincubation of the coronary segments (n = 6) 
with endothelium in the presence of endothelin 
receptor A and B antagonist PD 145065 (10 .6 
tool/L) 19 did not change the endothelium-depen- 
dent hypoxic contraction (groups 1 through 4, 16% 
_+ 2%, 73% _+ 2%, 81% _+ 4%, and 17% _+ 4%, 
respectively). 
Endothelium-independent relaxation. Increasing 
concentrations (10 -9 to 10 -4 mol/L) of isoproterenol 
and sodium nitroprusside induced comparable con- 
centration-dependent relaxation in coronary rings 
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Fig. 2. Effect of hypoxia (95% N2/5% CO2) on tension 
in contracted (by prostaglandin F2~ 2 × 10 -6 tool/L) 
canine coronary arterial rings with endothelium in 
all four groups. Data are shown as means plus or 
minus the standard error of the mean and are expressed 
as percent change from the initial contraction to pros- 
taglandin F2= (zero on y axis). *Significant difference 
from rings with endothelium among the control rings 
(group 4). 
with and without endothelium from all four groups. In 
all groups, the maximal relaxation induced by isopro- 
terenol or sodium nitroprusside was not altered in 
coronary artery segments without endothelium, nor 
did this induction change the sensitivity to relaxation 
of the vascular smooth muscle (Table III). 
Endothelium-independent contraction. Increasing 
concentrations of potassium ions (5 to 50 mmol/L) 
and prostaglandin F2= (10 -9 to 10 -4 mol/L) induced 
comparable, concentration-dependent contraction 
of arterial segments with and without endothelium 
from all four groups. The maximal responses and 
the sensitivity to these agonists did not have any 
significant changes in all four groups (Table II). 
Scanning electron microscope studies. In coro- 
nary arterial segments from group 1, scanning elec- 
tron microscope observations showed that the endo- 
thelium was continuous and was maintained in an 
integrated form without significant alterations of 
surface morphologic features in all specimens exam- 
ined (Fig. 4, A). The smooth surface of the endo- 
thelium was consistently covered with fiat endothe- 
lial cells. The interendothelial junctions could not be 
readily delineated (Fig. 4, B). We rarely observed 
blood cells that adhered to the endothelial surface. 
These findings were insignificantly different from 
those in control vessels (group 4). In the scanning 
electron microscope studies of the vessels from 
groups 2 and 3, swelling and disruption of the 
endothelial cells with wide separation of intercellu- 
lar junctions were frequently demonstrated (Fig. 5, 
Tension 
100 
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0 
-20 t 
n|  
# # 
No treatment 
[] L -NMMA 
[] L -NMMA + L-Arg 
• L -NMMA + D-Arg 
t ln 
# # 
Group 1 Group 2 Group 3 Group 4 
Fig. 3. Effect of hypoxia nd drugs on tension in contracted 
(by prostaglandin F2~ 2 × 1136 mol/L) canine coronary 
arterial rings with endothelium from all four groups. Data 
are shown as means plus or minus the standard error of the 
mean and expressed as a percent of the initial contraction to 
prostaglandin F2=. L-A~ L-Arginine; d-Arg, D-arginine. *Sig- 
nificant difference from control rings (group 4) with endo- 
thelium; #significant difference from untreated rings with 
endothelium in the same group. 
A). Platelet adherence and aggregation on the en- 
dothelial surface were constant findings in every 
specimen investigated (Fig. 5, B and C). In some 
areas, platelet microthrombi were noted (Fig. 5, B 
and C). In some instances, extensive disruption of 
the endothelium was seen (Fig. 5, D). Those surface 
morphologic hanges of the endothelium were con- 
sistently noted on vessels from groups 2 and 3. 
Discussion 
The major findings of this study were that endothe- 
lium-dependent contraction to hypoxia was aug- 
mented and the ultrastructure of the coronary endo- 
thelium was significantly damaged after cardiac global 
ischemia nd reperfusion (group 3). This augmented 
endothelium-dependent co raction and the morpho- 
logic changes could not be prevented by intermittent 
infusion of cold crystalloid cardioplegic solution 
(group 2), but could be prevented by continuous 
antegrade infusion of warm blood cardioplegic solu- 
tion (group 1). In addition, smooth muscle contraction 
in response to potassium ions (voltage dependent) or 
prostaglandin F2~ (receptor dependent) and smooth 
muscle relaxation in response to isoproterenol (cyclic 
adenosine monophosphate-mediated) or sodium ni- 
troprusside (cyclic guanosine monophosphate-medi- 
ated) were well preserved after ischemia nd reperfu- 
sion with (groups 1 and 2) or without (group 3) 
cardioplegic solution infusion. 
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Fig. 4. Scanning electron micrographs of coronary arteries of group 1 animals showing (A) intact surface 
morphologic features of endothelium and (B) that endothelium is continuous without interruption. White 
bar indicates length of 30.0/xm. 
Table III. Endothelium-independent r laxation of segments of canine coronary arteries* 
Group 1 Group 2 Group 3 Group 4 
ICso ( - log  mol/L)'~ 
With endothelium 
Isoproterenol 7.5 + 0.3 7.3 -+0.2 7.3 _+ 0.3 7.4 _+ 0.2 
Sodium nitroprusside 7.6 + 0.2 7.7 _+ 0.3 7.7 _+ 0.2 7.8 -+ 0.3 
Without endothelium 
Isoproterenol 7.8 -+ 0.2 7.7 -+ 0.1 7.6 -+ 0.2 7.6 +- 0.3 
Sodium nitroprusside 7.8 +- 0.2 7.9 -+ 0.2 8.0 _+ 0.3 8.1 _+ 0.2 
Maximal relaxation (%)$ 
With endothelium 
Isoprotereno! 100 100 100 100 
Sodium nitroprusside 100 100 100 100 
Without endothelium 
Isoproterenol 100 100 100 100 
Sodium nitroprusside 100 100 100 100 
Sample size for all groups was 12. 
*There were no significant differences between groups. 
tValues given as means -+ standard error of the mean of the negative logarithms of the concentration (moles p r liter) of agonists causing 50% inhibition 
of contractions (ICso, i.e., the median effective dose) induced by prostaglandin F2~ (2 × 10 .6 mol/L). 
:~Values given as mean of the maximal inhibition f contraction induced by prostaglandin F2~ (2 x 10 .6 mol/L) with the agonists (10 4 mol/L). 
The coronary endothelium can produce contract- 
ing factor. Rubanyl, 9 De Mey, 2° and Vanhoutte 21
and their coworkers have demonstrated that in 
canine coronary and femoral rteries, hypoxic aug- 
mentation of contraction was caused by a diffusible 
factor released by the endothelium, which they 
termed endothelium-derived contracting factor. We 
have described ndothelium-dependent co raction 
caused by hypoxia in the human and canine internal 
thoracic arteries. 7'12 L-NMMA 2a attenuated this 
hypoxia-induced endothelium-dependent contrac- 
tion.6, 7, 12 Free radical scavengers, uperoxide dis- 
mutase, catalase, or deferoxamine, did not inhibit 
this hypoxic ontraction. 7' 12 However, we found that 
thromboxane A2 may be one of the endothelium- 
derived contracting factors induced by human inter- 
nal thoracic artery. 12'23 We also found that this 
hypoxia-induced endothelium-dependent contrac- 
tion was enhanced after coronary ischemia and 
reperfusion 6, 18 and after preservation with hy- 
perkalemic cardioplegic solution. 13-15 This endothe- 
lium-dependent hypoxic ontraction was attenuated 
by L-NMMA, indicating that this hypoxic contrac- 
tion was induced by an L-arginine-dependent path- 
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Fig. 5. Scanning electron micrographs of coronary arteries of group 2 and 3 animals. A, Swelling and 
disruption of the endothelial cells with wide separation of intercellular junctions were frequently 
demonstrated. B, Platelet adherence and aggregation on the endothelial surface were a constant finding. 
C, Platelet microthrombi were noted. D, Extensive disruption of the endothelium was seen. These surface 
morphologic changes of the endothelium were consistently noted on vessels from groups 2 and 3. Black bar 
indicates length of 30.0/xm. 
way.6, 7, 12-15, 18 In this study, we also demonstrated 
that endothelium-dependent contraction in canine 
coronary endothelium on exposure to hypoxia after 
cardiac global ischemia and reperfusion (groups 2 
and 3) was augmented and could be attenuated by 
L-NMMA but not by PD 145065, an antagonist of 
endothelin receptor A and B. 19 Such a mechanism 
would be consistent with our previous findings and 
indicated that hypoxic endothelium-dependent co -
traction was induced by an L-arginine-dependent 
pathway, but not by endothelin, and was augmented 
after cardiac global ischemia nd reperfusion. Aug- 
mented endothelium-dependent contraction after 
coronary ischemia nd reperfusion appears to be an 
important factor in coronary vasospasm after isch- 
emia and reperfusion of coronary arteries. 6 The 
exact roles of nitric oxide and L-arginine in endothe- 
lium-dependent hypoxic contraction are not 
clear.6, 7,12, 13 Further studies are necessary to clar- 
ify the underlying mechanism. 
Endothelium-dependent contraction to hypoxia 
was augmented if the coronary arterial segments 
were preserved continuously in crystalloid car- 
dioplegic solutions with a potassium ion concentra- 
tion of 16 mmol/L for 1 hour 13 or in University of 
Wisconsin solution with a potassium ion concentra- 
tion of 125 mmol/L for 614 or 2415 hours. However, 
the effect of cardioplegic solution on endothelium- 
dependent contraction of the coronary artery after 
cardiac global ischemia nd reperfusion is not clear. 
In the present studies, the endothelium-dependent 
contraction to hypoxia was augmented after inter- 
mittent infusion of crystalloid cardioplegic solution 
(potassium ion concentration 16 mmol/L, group 2) 
into the coronary arteries during cardiac global 
ischemia. Nevertheless, in coronary arteries from 
group 1 animals, which were infused continuously 
with warm blood cardioplegic solution (with a po- 
tassium ion concentration of 20 mmol/L initially 
followed by 8 retool/L), the endothelium-dependent 
contraction to hypoxia was not significantly different 
from that of the control group (group 4). Indeed, 
there was no ischemia, or reperfusion, of the coro- 
nary arteries with continuous infusion of warm 
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blood cardioplegic solution into the aorta. In these 
studies, we demonstrate that continuous infusion of 
warm blood cardioplegic solution (with a low potas- 
sium ion concentration and provision of continuous 
oxygenation) has the benefit of preventing coronary 
endothelial dysfunction after ischemia and reperfu- 
sion injury. 
The ultrastructural change to the endothelium 
after reperfusion injury is obvious. 18' 24 VanBen- 
thuysen and coworkers 24 demonstrated canine 
epicardial coronary endothelial ultrastructural in- 
jury after ischemia and reperfusion. Our previous 
study demonstrated injuries to the ultrastructure 
of endothelium of reperfused coronary arteries by 
scanning and transmission electron microscopy. 18 
In the present studies, significant surface morpho- 
logic changes to the endothelium were found in 
coronary arteries from group 2 and 3 animals, but 
not in the coronary endothelium from group 1 
arteries. This indicated that warm blood cardio- 
plegia effectively protected the morphologic fea- 
tures of the coronary endothelium from ischemia 
and reperfusion injury. 
Coronary arteries may be exposed to systemic 
hypoxia in the postoperative period after cardiac 
operation. 13 Coronary arteries may also be ex- 
posed to local hypoxia or ischemia as a result of 
impaired release of endothelium-derived relaxing 
factor from coronary endothelium after global or 
local ischemia and reperfusion. 16' 17,25, 26 Endo- 
thelium-dependent contraction to hypoxia was 
enhanced after coronary ischemia and reperfu- 
sion. The morphologic changes induced platelet 
adhesion and aggregation, as well as platelet- 
induced vasoconstriction. A possible consequence 
of disruption of endothelial cell junctions is the 
loss of interendothelial transmission of hyperpo- 
larization and, therefore, of a potential vasodila- 
tion. Impaired production of endothelium-derived 
relaxing factor, enhanced production of endothe- 
lium-derived contracting factor, and morphologic 
changes after coronary ischemia and reperfusion 
will put the coronary arteries at risk for ischemic 
events such as vasospasm and thrombosis. 
In conclusion, cardiac global ischemia and reper- 
fusion with or without protection with intermittent 
cold crystalloid cardioplegia enhances endothelium- 
dependent contraction and damages the structure of 
the coronary endothelium. These kinds of endothe- 
lial dysfunction and morphologic changes can be 
prevented by continuous antegrade infusion of 
warm blood cardioplegic solution. 
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